In this paper, enhanced spatial and temporal shifts in the reflection of Gaussian wave packets from twodimensional photonic crystal waveguides supporting above-the-light-line leaky modes are studied, for the first time to our best knowledge. Particular attention is given to two important special cases, namely, harmonic Gaussian beams and Gaussian-pulse uniform plane waves. Analytical expressions are given for enhanced spatial and temporal shifts when the stationary phase approximation holds and the incident wave excites above-the-light-line leaky modes. The enhanced spatial and temporal shifts of Gaussian wave packets are thereby related to each other via the group velocity of the excited leaky modes.
INTRODUCTION
Lateral displacement of totally reflected optical beams, referred to as the Goos-Hänchen (GH) shift, was first reported in 1947 [1] and has been the subject of scientific scrutiny ever since [2] [3] [4] [5] [6] [7] . Originally reported at the interface of two homogeneous dielectrics, it was smaller than the incident beam waist and thus was not large enough to be easily conspicuous or useful in practical applications. The enhanced GH shift under resonance conditions-when the spatial frequency of the incident beam is tuned to the resonant modes supported by the structure upon which the GH shift is to be observed [5] [6] [7] [8] , gave a new lease on life to the topic and renewed the interest in studying the applied aspects of the phenomenon, e.g., in optical switching [9] . Also referred to as the giant GH shift, this phenomenon is already reported in the planar multilayered structure supporting resonant modes both above and below the light line [5] [6] [7] . It is worth noting that the spatial frequency of the resonant modes lying below the light line cannot be excited unless a high-refractive-index prism or diffractive structure with the appropriate longitudinal periodicity is used to boost the momentum of the incoming photons [6] . The spatial frequency of the resonant modes lying above the light line, on the other hand, can be directly excited by the incident light incoming from air.
Here, we focus on excitation of the latter type of resonant modes in two-dimensional (2D) structures. Although the offresonance GH shift in total reflection from the interface of a 2D photonic crystal (2D-PC) [10, 11] , and enhanced GH shift due to the resonance of nonleaky modes lying below the light line in a 2D-PC [12] have been already studied in the literature, the giant GH shift caused by direct excitation of leaky-mode above the light line in 2D-photonic crystal waveguides (2D-PCWs) remains to be studied. Here this is performed through the investigation of the spatial and temporal shifts imposed on Gaussian wave packets, whose spatial and temporal envelopes are both Gaussian. Two extreme cases are first considered in further detail: harmonic Gaussian beams and Gaussian-pulse uniform plane waves. The spatial shift imposed on the former (conventionally referred to as the GH shift) is then related to the temporal shift imposed on the latter (conventionally referred to as temporal delay) [13] . It is in this fashion shown that the resonant GH shift can be attributed to its temporal counterpart via phase and group velocities of the excited modes. It is also shown that the enhanced GH shift, Δx, in this type of structures can be related to the imaginary part of the propagation constant of the mode, β i , and can be written as Δx ≈ 2∕β i . This is not unlike what is already reported in one-dimensional (1D) multilayered structures [3] . Similarly, the temporal counterpart of the enhanced GH shift, Δt, in this type of structures is related to the imaginary part of the angular frequency of the mode, ω i : Δt ≈ 2∕ω i . It is finally shown that the spatial and temporal shifts of wide enough Gaussian wave packets are related to each other by the same expressions.
GENERAL FORMULATION
Consider a TE-polarized Gaussian wave packet (with its electric field perpendicular to the plane of propagation) whose temporal and spatial waists are denoted by T 0 and W 0 , respectively. This wave packet strikes a typical semiinfinite 2D-PCW, as shown in Fig. 1 . The incident electric field at the interface of the 2D-PCW can be written as [14] E i x; y 0; t Refψ i x; tg; ψ i x; t exp where E i stands for the z component of the incident field, θ is the incident angle of the wave packet, ω 0 shows the central frequency of the wave packet, and c represents the speed of light at free space.
The periodicity of the 2D-PCW along the x axis direction is denoted by a. It is assumed to be small enough to ensure that nonzeroth reflected orders are all evanescent. The central frequency of the wave packet is also assumed to lie within the bandgap of the PC structure surrounding the line defect of the 2D-PCW. The reflected wave packet in the Fourier domain can be easily written as Ψ R k x ; ω ρk x ; ωΨ i k x ; ω, where Ψ i k x ; ω is the Fourier transform of ψ i x; t and ρk x ; ω jρk x ; ωj expiφ R k x ; ω, is the reflection coefficient for the zeroth-order reflected plane wave at the angular frequency of ω and the incident angle of θ sin −1 k x ∕ω∕c. Because total reflection of the zeroth reflected order is guaranteed, we have ρk x ; ω expiφ R k x ; ω and simplify the reflected wave packet at the interface of the 2D-PCW by using the inverse Fourier transform:
E r x; 0; t Refψ r x; tg;
It is known that a certain temporal delay, Δt, and spatial shift, Δx, are imposed upon the incident wave packet in total reflection from the interface of two homogeneous media [15] . Here, we want to study the enhancement of this temporal delay and spatial shift, when the incident wave excites abovethe-light-line defect modes supported by 2D-PCWs. Because temporal and spatial properties of wave packets are intertwined, harmonic Gaussian beams with infinite T 0 and finite W 0 , together with Gaussian-pulse uniform plane waves with finite T 0 and infinite W 0 are studied before further moving on toward the most general case, where T 0 and W 0 are both finite. It is worth mentioning that the enhanced spatial shift and temporal delay in our structures can be related to the well-known Fano resonance.
A. Spatial Shift in Reflection of Harmonic Gaussian Beams
The temporal delay, Δt, is a meaningless parameter for harmonic Gaussian beams because T 0 is infinite and the incident wave is temporally a harmonic signal with a specific angular frequency, ω 0 . Following the Hugonin and Petit method [4] , the spatial shift imposed upon the incident harmonic Gaussian beam can then be easily obtained when the periodicity of the 2D-PCW is small enough to ensure that the zeroth order is totally reflected:
where
and T 0 is infinite for the incident electric field given in Eq. (1) . For large enough spatial waists, W 0 ≫ 2πc∕ω 0 , the stationary phase approximation is applicable and the reflection phase φ R k x ; ω 0 can be reasonably approximated by the first-order Taylor series and thus the reflected harmonic Gaussian beam at the interface y 0, is
This is the well-known Artmann's formula already reported for the GH shift at the planar interface of an arbitrarily inhomogeneous 1D structure with ∂∕∂x 0 [6] . This expression can be even further simplified when the incident harmonic Gaussian beam is in resonance with the leaky modes because the zeroth-order reflection coefficient can be reasonably approximated by using the single-pole approximation [3] :
Here, k z and k p β r − iβ i are the zero and pole of ρk x ; ω 0 , respectively, and rk x is a slowly varying function of k x . Now, because the Artmann's formula is related to the zeroth-order reflection coefficient as approximated by Eq. (7), and because rk x is a slowly varying function of k x , the GH shift can be written as [16] Given that total reflection is guaranteed and jrk x j 1, we have k z k p β r iβ i and the GH shift can be simplified further:
The Artmann's formula is therefore approximated by Δx GB ≈ 2∕β i . In view of the fact that 1∕β i is the coupling length for the excitation of the leaky mode, the incurred spatial shift happens to be twice of the coupling length. This is physically intuitive because the spatial shift enhancement can be attributed to the incoupling and outcoupling of the incident energy back and forth across the reflecting interface.
Numerical examples in Section 3 show that the abovementioned approximation holds whenever harmonic Gaussian beams with large enough spatial widths are incident upon 2D-PCWs at near resonance condition, i.e., when k x ω 0 ∕c sin θ is close to the real part of the propagation constant of the defect mode supported by the 2D-PCW.
B. Temporal Delay in Reflection of Gaussian-Pulse Uniform Plane Waves
Reflection of Gaussian-pulse uniform plane waves is not dissimilar to the reflection of harmonic Gaussian beams, when the role of space and time are interchanged. The temporal shift imposed upon the reflection of incident Gaussian-pulse uniform plane waves, Δt GP , can be written as
and W 0 is infinite for the incident electric field given in Eq. (1). The periodicity of the 2D-PCW along the x direction should, however, be small enough to guarantee the total reflection of the zeroth order. Because the stationary phase approximation is valid when the temporal waist T 0 is larger than 2π∕ω 0 , and the reflection phase φ R k x ; ω in Eq. (2) can be reasonably approximated by the first-order Taylor series, the reflected electric field at the interface y 0 is
where Δt −∂φ R k x ; ω∕∂ω, at ω 0 ∕c sin θ; ω 0 , and Δx ∂φ R k x ; ω∕∂k x , at ω 0 ∕c sin θ; ω 0 . It is worth noting that the amplitude of the reflected Gaussian-pulse uniform plane wave at oblique incident angles is nonuniform along the interface of the 2D-PCW, i.e., along the x axis. It is therefore not surprising to see that the reflected wave is spatially shifted when the incident wave is tilted form the normal incidence condition. Otherwise, the incident wave is uniform along the x axis and spatial shift becomes meaningless. Furthermore, it can be straightforwardly shown that the above-mentioned incurred spatial shift still follows the well-known Artmann's formula; Δx ∂φ R ∕∂k x when the stationary phase approximation holds. The spatial shift; therefore, does not depend on the incident wave's being a Gaussian-pulse uniform plane wave or its being a harmonic Gaussian beam. This is not the case for the incurred temporal delay, even under the stationary phase approximation. While there is no temporal delay for harmonic Gaussian beams, there is a certain temporal delay for reflected Gaussian-pulse waves, which can be written as
Here, the overall temporal delay, Δt GP , depends on the spatial shift Δx:
The overall temporal delay is therefore formed of two different parts: a purely temporal delay, Δt −∂φ R ∕∂ω, and the temporal translation of the spatial shift, Δx sin θ∕c. The purely temporal part of the delay, Δt −∂φ R ∕∂ω, can be easily obtained by interchanging spatial frequency, β, and temporal frequency, ω. Because Δx ≈ 2∕β i , we have Δt ≈ 2∕ω i , where ω i is the imaginary part of the eigenfrequency of the resonant leaky mode supported by the 2D-PCW. The overall temporal delay, Δt GP , can then be further simplified:
This expression can be intuitively explained as follows. The overall time spent to in-and outcouple the incident wave back and forth across the interface of the 2D-PCW is 2∕ω i . During this time, however, the outcoupled light moves along the spatial shift Δx ≈ 2∕β i . Now, because the overall temporal delay is incurred at the incident point x 0, where the oblique incident wave reaches its maximum, the contribution of the traveling time Δx∕v p should be counterbalanced in the coupling time 2∕ω i and thus Eq. (15) is held.
C. Temporal Delay and Spatial Shift in Reflection of Gaussian Wave Packets
For the most general case of incident Gaussian wave packets with finite yet wide enough temporal and spatial waists, the reflected Gaussian wave packet under the stationary phase approximation, i.e., when T 0 ≫ 2π∕ω 0 and W 0 ≫ 2πc∕ω 0 , can be written as
where we once again have Δt −∂φ R k x ; ω∕∂ω, at ω 0 ∕c sin θ; ω 0 , and Δx ∂φ R k x ; ω∕∂k x , at ω 0 ∕c sin θ; ω 0 . Now, comparing the reflected Gaussian wave packet in Eq. (16) against the incident wave packet in Eq. (1) reveals that the incurred temporal delay and spatial shift of Gaussian wave packets with finite T 0 and W 0 can be written as
Δx WP Δx GB :
It is interesting to point out that while the spatial shift imposed upon the incident wave packet does not differ from the spatial shift imposed upon the incident harmonic Gaussian beam, the incurred temporal delay of the incident Gaussian wave packets is different from the overall temporal delay of the incident Gaussian-pulse uniform plane waves.
Because we have ∂φ R ∕∂k x ≈ 2∕β i and −∂φ R ∕∂ω ≈ 2∕ω i , under the near resonance condition, and because the group velocity of the leaky mode can be easily written in terms of β i and ω i , i.e., v g ≈ ω i ∕β i , the spatial and temporal shifts imposed upon the incident Gaussian wave packets with large enough T 0 and W 0 follow the following relation:
It is worth noting that the above-mentioned relation between Δx WP and Δt WP is valid, even if neither the former nor the latter can be accurately approximated by ∂φ R ∕∂k x and ∂φ R ∕∂ω, respectively. This is intuitively appealing because the spatial shift is still related to the temporal shift via the group velocity of the leaky mode at the near-resonance condition when the energy is coupled from the incident radiation mode to the leaky mode of the 2D-PCW and vice versa.
NUMERICAL EXAMPLES
As the first numerical example, a semi-infinite 2D-PCW formed by removing the second row of rods along the [10] direction in a square lattice PC is considered. The PC is made of GaAs rods with an index of refraction of 3.4 and a normalized radius of r∕a 0.18 in air background (a is the lattice constant). This is shown in the inset of Fig. 2 . The dispersion diagram of the leaky modes supported by the thus-formed 2D-PCW is rigorously extracted to find the appropriate incident angle needed to ensure fulfillment of the resonance condition between the incident wave and the structure. This is shown in Fig. 2 , where the real part of the normalized propagation constant of the leaky modes is plotted versus the normalized frequency. Here the complex leaky modes are calculated from the reflection pole method (RPM) [17] , while the rigorous Legendre polynomial expansion method [18] is used to calculate the reflection of a plane wave from 2D-PCW structure. The photonic band structure of the original 2D-PC (dotted lines in Fig. 2 ) is extracted by using plane wave expansion (PWE) [19] . The appropriate incident angle for meeting the resonance condition can then be easily determined by matching the x component of the incident wave vector and the real part of the propagation constant at each specific angular frequency.
Assuming that a harmonic Gaussian beam with W 0 100λ 0 (λ 0 is the wavelength of light at free space) is incident upon the interface of the semi-infinite 2D-PCW and air (see the inset of Fig. 2) , the incurred resonant spatial shift, Δx GB , is calculated at the appropriate incident angle by using three different methods: the Artmann's formula given in Eq. (6); the proposed approximation, Δx GB ≈ 2∕β i ; and the rigorous formula based on the spatial shift between the center of gravity of incident and reflected beams given in Eq. (3). The accuracies of Artmann's formula and the proposed approximation, Δx GB ≈ 2∕β i , are subjected to the validities of the stationary phase approximation and the resonance condition, respectively. Therefore, the rigorous formula given in Eq. (3) is the more accurate expression available for calculation of the incurred spatial shift. The obtained results shown in Fig. 3(a) , however, are in excellent agreement with each other. This is not the case when the spatial waist of the incident Gaussian beam is decreased to W 0 5λ 0 . Despite the agreement between the Artmann's formula and the proposed approximation, Δx GB ≈ 2∕β i , the incurred spatial shift between the incident and reflected beams is much smaller. This is shown in Fig. 3(b) , where the rigorous formula given in Eq. (3) is justified by using the finite-different time-domain (FDTD) method. In order to show that the nonspecular diffraction orders are in cut-off and to show that the zeroth-order reflection coefficient is the dominant factor in determining the reflected Fig. 4 (a) for W 0 100λ 0 , the incident wave energy is completely concentrated around ω ω 0 , and k x0 ω 0 ∕c sin θ. In Fig. 4(b) for W 0 5λ 0 , on the other hand, the incident wave energy is spread further along the k x direction. Yet, more than 72% of its energy is still concentrated within a rectangular region between ω 0 0.05ω 0 ; k x0 0.05k x0 .
To have a closer look at the obtained results, the normalized frequency is fixed at ω n 0.35, which corresponds to the normalized propagation constant of β n βa 1.2519 0.1963i. The appropriate incident angle is thus θ i ≈ 34.7°. Artmann's formula and the proposed 2∕β i approximations then predict the spatial shift of 10.21λ 0 and 10.07λ 0 , respectively. This holds to be true when the spatial waist of the incident Gaussian beam is W 0 100λ 0 but becomes erroneous for W 0 5λ 0 . This is shown in Fig. 5 , where the FDTD simulation is provided when the structure is illuminated by a harmonic Gaussian beam with W 0 5λ 0 . The difference between the center of gravity of the incident beam and that of the reflected beam is then rigorously calculated by using the FDTD results and is shown to be 7.03λ 0 . This is not far from the spatial shift calculated by using the rigorous formula provided in Eq. (3), which renders the spatial shift of 7.20λ 0 . The minor different between the FDTD results and Eq. (3) can be attributed to the effects of evanescent Floquet orders, which are neglected in Eq. (3).
It should be noted that the incurred spatial shift of Δx GB 7.03λ 0 reduces to 1.7λ 0 when the normalized frequency is changed from ω n 0.350 to 0.333 (a change smaller than 5%). The large value of the incurred spatial shift and its sensitivity is typical in the resonant GH shift and may find its own applications.
Now that the spatial shift imposed upon the harmonic Gaussian beams is studied, the same structure is illuminated by a Gaussian-pulse uniform plane wave to study the temporal delay of the reflected wave. To this end, two different Gaussianpulse uniform plane waves with T 0 200 × 2π∕ω 0 and T 0 5 × 2π∕ω 0 are applied. The overall temporal delay observed upon the reflection of the incident wave is then calculated by three different methods. First, stationary phase approximation is employed and the overall temporal delay is written as Δt GP Δt − Δx∕v p , where Δt −∂φ R ∕∂ω and Δx ∂φ R ∕∂k x . Second, the proposed approximation Δt GP 2∕ω i − 2∕β i v p , is used. Third, the rigorous formula based on the overall temporal shift between the center of gravity of the incident and reflected beams given in Eq. (10) approximation is not valid. In particular, Fig. 6(b) shows that even though the incurred temporal delay is much smaller than what is expected by Δt GP −∂φ R ∕∂ω − ∂φ R ∕∂k x ∕v p , the rigorous formula given in Eq. (10) is still true. Once again, the use of the zeroth-order reflection coefficient as the dominant factor in determining the reflected wave packet is justified by inspection of the Fourier transform of the incident wave packets. The Fourier transforms of two wave packets with temporal widths of T 0 200 × 2π∕ω 0 and 5 × 2π∕ω 0 , are plotted, respectively, in Figs. 7(a) and 7(b), where W 0 10 3 λ 0 , ω 0 0.352πc∕a, and θ 34.7°. In Fig. 7(a) for T 0 200 × 2π∕ω 0 , the incident wave energy is completely concentrated around ω ω 0 , and k x0 ω 0 ∕c sin θ. Despite the spread of energy in Fig. 7(b) for T 0 5 × 2π∕ω 0 , more than 73% of the incident wave energy is still concentrated within a rectangular region between ω 0 0.035ω 0 ; k x0 0.035k x0 .
The same structure is finally illuminated by Gaussian wave packets. The group velocity of the excited leaky mode is then calculated by using three different methods, and the obtained results are plotted in Fig. 8 . First, the well-known analytical formula v g ∂ω∕∂k x is employed as a reference value. Second, the proposed expression, v g Δx WP ∕Δt WP ≈ ω i ∕β i , relating the incurred shifts, Δx WP and Δt WP , of incident wave packets with wide enough temporal and spatial waists (T 0 ≫ 2π∕ω 0 and W 0 ≫ 2πc∕ω 0 ), is used. Third, the similar expression, v g Δx WP ∕Δt WP , relating the incurred shifts, Δx WP and Δt WP , of incident wave packets is once again employed when the temporal and spatial waists of the incident wave packet are not wide enough to apply the stationary phase approximation (T 0 20 × 2π∕ω n and W 0 5λ 0 ). It should be pointed out that the incurred shifts for the latter case are extracted by using the FDTD method. The obtained results are depicted in Fig. 8 and are in excellent agreement with each other.
Another semi-infinite 2D-PCW is as the final example formed by removing the second, third, and fourth rows of rods along the [11] direction in the same square lattice PC. The newly formed structure supports a leaky mode with negative group velocity and is expected to incur negative spatial shift. The dispersion diagram of the leaky mode for 0.42 < ω n < 0.45 is given in Fig. 9 . Here again, the propagation constant of the leaky modes and the photonic band structure of original 2D-PC are calculated by using RPM and PWE, respectively. The incurred spatial shift in the reflection of harmonic Gaussian beams is then calculated at different normalized frequencies. The obtained results are tabulated in Table. 1, where the well-known Artmann's formula, the proposed approximation 2∕β i , the rigorous formulation based on the center of gravity shift for W 0 100λ 0 , W 0 5λ 0 , and the FDTD results for W 0 5λ 0 are all employed. Excellent agreement is observed between the three first formulations, where the stationary phase approximation is applicable.
It is worth noting that the imaginary part of the propagation constant of the excited leaky mode, β i , is negative because the propagation of energy is contradirectional and thus the mode profile is growing along the x axis.
The incurred negative spatial shift is examined more closely in Fig. 10 , where the FDTD simulation of a harmonic Gaussian beam with W 0 5λ 0 is provided at the normalized frequency of ω n 0.43. The complex propagation constant of the leaky mode to be excited at the incident angle of θ i ≈ 42.1°i s β n βa 1.8113 − 0.1955i, and its normalized group velocity is v gn −0.5721c 0 . 
CONCLUSION
The enhanced temporal and spatial shifts imposed upon harmonic Gaussian beams, Gaussian-pulse uniform plane waves, and Gaussian wave packets are studied in 2D-PCW structures supporting above-the-light-line leaky modes with positive/ negative group velocities. Simple analytical formulas are provided for the enhanced temporal and spatial shifts when the incident wave has wide enough temporal or spatial waists, i.e., when the stationary phase approximation is valid. The spatial and temporal shifts of Gaussian wave packets are related to each other by using the group velocity of the excited leaky mode.
